ABSTRACT
Introduction
Biosensors incorporate the selective abilities of biology into the technological advances of modern microelectronics, magnetoelectronics, optoelectronics and nanotechnologies. they are analytical instruments and devices designed for identification of biological and biochemical elements such as enzymes, nucleic acids, antibodies, antigens, microorganisms, cells, etc. these sensors use biological matter for studying the features of molecules and transmit information about them in the form of electrical, optical or magnetic signals (7, 8, 15, 17, 18) . each biosensor is comprised of two functional subsystems: bioreceptor (selecting subsystem, in which various biological structures are used; it has high accuracy and selectivity to respective molecules -ligands) and converting subsystem, which converts biological signals into physical ones: electrical, optical magnetic, etc. Various microelectronic systems integrated with sensor systems in one and the same chip are used for data processing. Biosensors differ in the type of bioselecting and converting system. the combinations between them provide a great diversity of different types of biosensors (7, 8) .
Sensors based on a magnetic field are used for biochemical analyses, study of biostructures and medical research (lab on a chip concept) (18) . they have important advantages: compactness, high accuracy and sensitivity, reliability, low power consumption and low cost, easy operation and capacity for digital processing of information. they can be manufactured by the methods of integrated microelectronic technology and are compatible with standard silicon technology.
on the basis of galvanomagnetic discrete elements a wide range of non-contact sensors with an analogue output, small mass and overall dimensions, enhanced resistance to mechanical influences and high reliability have been developed (4, 5, 6, 16) . Magnetically sensitive sensors with a frequency output are known: a planar sensor for converting magnetic induction into frequency signal (4, 10, 11) and a device for energy reading based on hall element in which the output signal is modulated by means of multivibrator (2) . the development of sensors based on magnetically sensitive integrated circuits (MSic), which incorporate a magnetically sensitive element and an electronic circuit for signal processing designed in one technological cycle, is of great interest (3, 12) . MSic are characterized by high sensitivity and reliability, small overall dimensions and mass, low power consumption and prime cost, high noise immunity, complete electrical isolation between the input and output circuits and good temperature stability. Regardless of their advantages, digital МSIC have not yet taken their due place either in the engineering practice, or in the study of biostructures and medical research. they are used mainly for indicating magnetic fields in structures containing magnetic components (9, 13 ). An innovative idea of applying digital MSic to measuring magnetic induction emerges. the aim of this paper is to prove theoretically and experimentally the possibility for applying digital MSic to measuring magnetic induction and on this basis to develop a new class of digital magnetic sensors for measuring displacement and current applicable to biological research.
Operating principle of galvanomagnetic sensors with digital output
Galvanomagnetic sensors consist of a magnetic modulation system, galvanomagnetic element and electronic circuit. Double conversion of the signal takes place in them: the parameter being measured is converted into magnetic induction B, and the magnetic induction, into an electric signal (2, 3, 10, 12) . the type of the conversion characteristic depends on the type of the galvanomagnetic element and the relative position of the galvanomagnetic element and the magnetic system. to study the possibilities for application of digital MSic for measuring magnetic induction, a new galvanomagnetic sensor with frequency output was constructed (Fig. 1) . it consists of a magnetic modulation system 1, digital MSic 2 and an electronic switch element 3. the output signal of MSic U 0 has sufficient power and is directly used for controlling the electronic switch. in the constructed transducer the output signal frequency f depends on the magnitude and direction of magnetic induction B of the magnetic modulation system which allows the usage of digital MSic for measuring the magnetic field magnitude. When the sensor is switched on, the MSic output is in the state of logical "1" and the switch is closed. current I flows through the coil of electromagnet W and magnetic induction B is produced in the air gap. During this interval of time (T 1 ) the transducer output is in the state of logical "1". When the magnetic induction reaches the magnetic induction of switching MSic on (B = B on ), the output of the integrated circuit (ic) switches to the state of logical "0". the switch is closed. the transducer switches to the state of logical "0" and is characterized by the pause duration T 0 . the current and, respectively, the magnetic induction decrease. When the magnetic induction of switching MSic off (B = B off ) is reached, the ic output is again switched to the state of logical "1" and the steps are repeated. At the integrated circuit output rectangular pulses with frequency f are generated:
When constant current operating mode (I = const), magnetic modulation system and galvanomagnetic element have been chosen, the pulse duration T 1 depends on the magnitude of the magnetic induction B, and the pause duration T 0 remains constant and is determined by the electromagnetic system and MSic parameters. it is known that the magnitude of the magnetic induction B is directly proportional to the number of windings W and current amperage I passing through the electromagnet and inversely proportional to the distance L between the electromagnet and MSic in an opentype electromagnetic system or to the electromagnetic air-gap δ in a closed-type electromagnetic system (13) . therefore, when the magnetic modulation system has been chosen in advance (number of windings W and current I through the electromagnet), the output signal frequency f is a function of the distance L between the electromagnet and MSic, and when the number of windings W and the air-gap have been chosen in advance, it depends only on the current amperage I.
The new field of application of digital MSIC for measuring magnetic induction, considered so far, gives grounds for developing a new class of galvanomagnetic sensors for measuring physical quantities. the frequency dependencies f = φ(I) (W = const, δ = const) and f = φ(L) (W = const, δ = const) are in the basis of the constructed transducers with frequency output for measuring the quantities of electric current and linear displacement, respectively.
Galvanomagnetic sensor for measuring current with frequency output
on the basis of experimental models of digital MSic (14), a sensor for measuring current with frequency output was developed. An electromagnetic system of closed type (magnetic permeability μ = 400; air gap width δ = 10 mm; cross-sectional area of the electromagnet A = 1600 mm 2 ) was used which produces a linear and uniform magnetic field.
With a view to engineering application of the created digital magnetic sensor for measuring electric current (Fig. 1) and for obtaining a complex and trustworthy evaluation of its functioning, a theoretical and experimental model was built. It reflects the effect of: the number of windings W, current I, supply voltage U DD and resistance R on frequency f: , [2] where: C 0 i is the constant which expresses the design and manufacturing parameters of the sensor; I = 1, 2 are variant solutions of the sensor depending on: the number of windings in the electromagnetic system and the control current.
the model type was chosen on the basis of analysis of the factors which affect the magnitude of the output information signal whereat the character of the experimental transducer characteristics was taken into account. Previously, the designed experimental approach was applied to build the model (1) . the areas of controllable factor variation guarantee a rated mode of operation of the sensor. ) and the empirical value of the Fisher criterion ( ) for checking the adequacy are presented in Table  1 . the constructed models are adequate and describe the sensor operation, which was proved by the adequacy check by the Fisher criterion according to the dependency ≤ F (F = 4.051 is the F-distribution quantile determined at a significance level of α = 0.05 (1)).
When U DD = 12 V and R = 5.5 kΩ the theoretical and experimental model [2] for the two variant solutions takes the form of:
; [3] .
[4] the analysis of the theoretical-experimental characteristics of the sensor showed that the output signal frequency f increases when the current I rises. When the current is stronger, the magnetization takes place along a steeper curve and, as a result, the output pulse-repetition rate decreases and the output frequency increases. When the number of windings W and the resistance R are increased, as well as when the voltage U DD decreases, the impact of the current on the frequency becomes weaker.
the sensor frequency depends on the number of windings W of the electromagnet. When they increase, f decreases exponentially when I > 1 A. When I < 1 A, the tendency is reverse. the most essential impact on the frequency is that of W when the flowing current is I > 1.8 A.
the transducer frequency depends on the supply voltage of MSic and on the resistance of the resistor. When U DD rises, the frequency f increases, but when R increases, the frequency decreases exponentially.
Digital magnetic sensor for linear displacement on the basis of digital MSic, a galvanomagnetic sensor for linear displacement with frequency output was constructed and studied. the magnetic modulation system is of open type and was chosen experimentally. the accuracy of positioning the experimental set-up for studying the sensor was 0.01 mm.
the following theoretical and experimental model which describes the sensor was built by the least squares method (1):
.
[5] The values of the coefficients A 0 , A 1 and A 2 are given in Table 2 .
the analysis of the theoretical-experimental correlations found, showed that, when the current through the electromagnetic system rises, the output signal frequency of the sensor increases. A section with linear transducer characteristics can be chosen where the absolute sensitivity is constant and higher when the current is larger.
on the basis of the transducer characteristics obtained in graphical and analytical form, the absolute sensitivity of the sensor was determined: Conclusions the possibility of applying digital magnetically sensitive integrated circuits to magnetic induction measurements was theoretically grounded and experimentally proved, which opens a new field for their application.
A new class of digital galvanomagnetic sensors for measuring magnetic fields, electric current and displacement was developed and studied. they are applicable to conducting biological research and are suitable for studying fluids, blood plasma and other structures containing magnetic microand nano-particles. in practice, in the selected magnetic modulating system a cell made of non-magnetic materialquartz glass, is placed. comparative analysis is conducted. Firstly, measurement is taken without a fluid and a frequency signal is registered. then biomagnetic material is placed and the output digital signals are compared. the sensor sensitivity is sufficient and depends on the selected mode of the integrated microcircuit. the constructed experimental layouts and the theoretical-experimental models built enable the selection of an optimum operation mode of the measuring system. the constructed galvanomagnetic sensors with frequency output meet the major requirements set to this class of devices and can process and store the obtained results and the signals received by means of microcomputers.
